Abstract: Indolizidines are great-potential bioactive heterocyclic compounds normally prepared following multi-step routes. However, to the best of our knowledge, the synthesis of 1-amino indolizidines has never been reported. Herein, 1-dialkylamino-3-substituted indolizidines have been straightforwardly synthesized using an atom-economy protocol which involves a copper-catalyzed three-component synthesis of indolizines followed by heterogeneous catalytic hydrogenation. The latter was found to be chemoselective using platinum(IV) oxide as the catalyst at 3.7 atm, providing the amino indolizidines in modest-to-high yields (35-95%) and high diastereoselectivity (92:8 to > 99:1).
INTRODUCTION
There is a general upsurge of interest in developing new strategies to effectively obtain saturated Nheterocycles from readily accessible starting materials. This demand is supported by the potential development of new pharmaceuticals related to this type of heterocycles and their natural abundance. 1 Among them, indolizidine alkaloids are widespread in nature and have attracted a great deal of attention because of their structural diversity and varied biological activity (Chart 1). 2 For instance, indolizidine 167B was first found as a minor constituent in the skin secretions of a batrachian of the genus Dendrobates, 3 whereas (+)-monomorine I was isolated from both Pharaoh's ant Monomorium pharaonis and from bufonid toads of the Melanopbryniscus genus. 4 (-)-Tashiromine was first isolated from the stems of Maackia Tashiroi (Leguminosae), 5a a bush from subtropical Asia, and later on from leaves and seeds of the Poecilanthe 5b genus and from Ethiopian Crotalaria species. 5c Swainsonine was first identified in the Australian legume Swainsona canescens 6a and, subsequently, as the toxin in
Astragalus and Oxytropis species that cause locoism in livestock. 6b In contrast, the significance of swainsonine in the treatment of cancer and in immunology has been reported. 6c Indolizidines have also played an important role in the synthesis of other natural products. to present a complete survey on our efforts to develop a straightforward synthesis of 1-amino-3-substituted indolizidines based on the chemo-and diastereoselective catalytic hydrogenation of indolizines (Scheme 1). Scheme 1. Synthetic sequence toward 1-amino-3-substituted indolizidines. 
RESULTS AND DISCUSSION
First, we optimized the catalyst and reaction conditions for the catalytic hydrogenation of indolizines.
N,N-Dibenzyl-3-phenylindolizin-1-amine (4h) was chosen as the model substrate because its hydrogenation was considered more challenging, due to the presence of three carbon-nitrogen bonds prone to undergo hydrogenolysis. In addition, the different hydrogenation degree for the five and sixmembered rings of the indolizine nucleus made the desired transformation more difficult to achieve. In (Table 1,   entries 13 and 14) . Then, we explored the behavior of different platinum-based supported catalysts. The highest conversions were achieved with Pt(5 wt%)/CaCO 3 and Pt(5 wt%)/C ( Table 2, entries 18 and 24, respectively), likewise as above, when pressure (3.7 atm) and short reactions time (3 h) were applied in HOAc, with the concomitant formation of 6h and 8h. As in the case of PtO 2 (Table 1, entry 11), lower catalyst loading (5 mol%) in the supported catalysts led to a decrease in the conversion though of a lower magnitude compared to the former (Table 1, entries 19 and 25) .
Other metal catalysts were also tested with the aim to minimize by-product formation (Table 2) . Pd(10 wt%)/C provided a moderate conversion into 5h at ambient pressure and prolonged stirring in MeOH, together with a substantial amount of mono-debenzylated 6h ( Table 2 , entry 1); higher hydrogen pressure shortened the reaction time but did not improve the conversion (Table 2, entry 2 ). An interesting effect of the pressure was noticed with Pd(20 wt%)/C in HOAc, leading to 6h at 3.7 atm or 7h at ambient pressure with some selectivity (Table 2 , entries 4 and 5). Unfortunately, any possibility for directly transforming the starting indolizine 4h into 6h or 7h by the choice of the pressure vanished because of the low diastereoselectivity attained in both cases ( Table 2, footnotes d and g ). This lack of diastereoselectivity was also manifested with the deployment of Pd(5 wt%)/CaCO 3 which, conversely, was highly chemoselective towards the formation of 6h ( (Table 2 , entries 6, 8, 9 and 11), no product (Table 2 , entries 12-14) or a certain amount of Nbenzylidene-3-phenylindolizin-1-amine, i.e. the imine of mono-debenzylated 6h (Table 2, entries 3, 16 and 17). In order to study the substrate scope, the optimized catalyst and reaction conditions were applied to a variety of indolizines 4, derived from pyridine-2-carbaldehyde (1a), secondary amines (2) and terminal alkynes (3), producing the expected indolizidines 5 in modest-to-high yields and with high-to-excellent diastereoselectivity ( Table 3 ). The yield and diastereoselectivity were found to be dependent on the substituents at the 1 and 3 positions, with the amino group at the 1 position apparently exerting a stronger effect. For instance, the indolizines derived from piperidine and arylacetylenes were isolated in lower yields, with the lowest diastereoselectivity been recorded for the phenylacetylene derivative (5a). The diastereomeric ratio was improved when a para substituent was present in the arylacetylenederived moiety while at the same time maintaining the 1-piperidinyl group (Table 3 , compare 5a with 5b and 5c). Fortunately, purification by column chromatography allowed the isolation of 5a and 5b as single diastereoisomers. Better yield and excellent diastereoselectivity were observed when changing the 1-piperidinyl into a 1-morpholino group (Table 3 , compare 5a with 5d). In general, the results with acyclic amines were better than those with the cyclic counterparts concerning all, the yield, the diastereoselectivity and the reaction time. The diastereoselectivity increased when increasing the steric hindrance of the secondary amine (Table 3 , compare 5e and 5f with 5g and 5h). The indolizidines derived from dibenzylamine followed a similar trend to that of dibutylamine (5g), being generally obtained in relatively short hydrogenation reaction times and as single diastereoisomers (Table 3 , 5h-5m). This remarkable behavior was displayed irrespective of the substituent at the 3 position of the indolizidine nucleus, including aryl substituents with electron-neutral ( Table 3 , 5h and 5i), -releasing (Table 3 , 5j) and -withdrawing groups (Table 3 , 5k and 5l), as well as aliphatic substituents ( pressure and that a slightly higher pressure was necessary to initiate the reaction. Consequently, the latter was found to be more chemoselective at lower than at higher conversions, with an increase of byproduct formation in the second case. The scant yield of the expected hexahydropyrrolo[1,2-a]quinolin-3-amine 5n was compensated for the high diastereomeric ratio reached; the presence of the fused benzene in the tricyclic indolizine core did not vary the stereochemical outcome with respect to the bicyclic counterparts. We went one step further by dealing with the hydrogenation of the trisubstituted indolizine 4o, the precursors of which were 6-methylpyridine-2-carbaldehyde (1c), dibenzylamine (2f) and phenylacetylene (3a). In this case, a short reaction time was more convenient to minimize byproduct formation. It was gratifying to know that, though in modest isolated yield, the four-stereocenter indolizidine 5o could be obtained with very high diastereoselectivity.
In some cases, by-products derived from the partial hydrogenation of the indolizine nucleus were detected in minor amounts. This fact, together with the relative high polarity of the indolizidines, made purification by column chromatography troublesome and accounted for some of the lower isolated yields recorded.
We were delighted to confirm that the indolizidine 5h could be obtained from pyridine-2-carbaldehyde (1a), dibenzylamine (2f) and phenylacetylene (3a), without the need to isolate the intermediate indolizine (avoiding the corresponding work-up and purification) in a slightly higher yield than that obtained from the isolated indolizine (70 versus 65%, Scheme 2). Therefore, this method represents a straightforward access into a new type of stereodefined indolizidines with three (or four) stereocenters. 27 as Lewis bases (e.g., for the activation of electrondeficient olefins) 28 or as building scaffolds for multicomponent reactions, 29 among many others. On the other hand, in organic chemistry, it is desirable that the selective conversion of a single starting material into two or more different products can be accomplished by the selection of the catalyst. 30 In this vein, attempts to directly transform indolizine 4h into the mono-benzylated secondary amine 6h
were found to be successful in terms of conversion under palladium catalysis; regretfully, the diastereoselectivity of these reactions was too low ( Table 2 , entries 4 and 7, footnotes d and i). Then, we decided to take advantage of the presence of two benzyl groups in the indolizidines 5h-5m and 5o
to investigate the possibilities of effecting selective hydrogenolyses, leading to secondary amines 6 or primary amines 7, through mono-and di-debenzylation processes, respectively.
Taking into account the information in tables 1 and 2, four catalysts were considered for this study, including platinum and palladium catalysts, using indolizidine 5h as the starting material (Table 4) . As a general trend, platinum catalysts provided the mono-debenzylated product 6h whereas the palladium catalyst favoured the full debenzylated product 7h. A significant effect of the hydrogen pressure was also discerned, with ambient pressure resulting in higher conversions and less formation of side products. Prolonged stirring was recommended in both cases because did not alter the high selectivity attained with the platinum catalysts [Pt(5 wt%)/C and PtO 2 ] (Table 4 , entries 3 and 4) and guaranteed the full hydrogenolysis with Pd(20 wt%)/C (Table 4 , compare entries 7 and 8). The optimized conditions were first applied to the selective mono-debenzylation of some of the indolizidines 5h-5m. As representative examples, indolizidines derived from aromatic alkynes of diverse electronic nature (neutral, rich and deficient ones), as well as from aliphatic alkynes, were converted into the monobenzylated counterparts 6 in moderate-to-high yields (Table 5) . Although both catalysts, PtO 2 and Pt(5 wt%)/C selectively catalyzed the mono-debenzylation reaction at ambient hydrogen pressure and temperature, the yields were slightly higher when the former was utilized for 5h
and 5j, and the latter for 5l and 5m. When the same substrates, as above, were submitted to hydrogenolysis catalyzed by Pd(20 wt%)/C at ambient hydrogen pressure and temperature, the corresponding free amino indolizidines 7 were produced in high yields as a result of a di-debenzylation process (Table 6 ). It is noteworthy that the original stereochemical integrity of the indolizidines was unaffected during the hydrogenolyses leading to the desired products as single diastereomers. The stereochemistry of the indolizidines 5 was originally proposed on the basis of 2D-NMR experiments conducted for 5d, 5h, 5n and 5o ( Figure 2 ) and, later on, unequivocally established by Xray crystallographic analysis of compound 5a ( Figure 3) . 31 In view of these data, the major diastereoisomer obtained in the catalytic hydrogenation of the indolizines is that resulting from the addition of hydrogen to the same face of the indolizine nucleus. analyses were carried out in the electron impact mode (EI) at 70 eV using a quadrupole analyzer or with a LC-ESI-TOF system. Elemental analysis was performed on a CHNS microanalyzer. X-ray data collection was based on three ω-scan runs (starting ω = -34°) at the values of φ = 0°, 120°, 240° with the detector at 2θ = -32°. An additional run at φ = 0° of 100 frames was collected to improve redundancy. The diffraction frames were integrated using the SAINT program and the integrated intensities were corrected for Lorentz-polarization effects with SADABS. 32 The purity of volatile compounds and the chromatographic analyses (GLC) were determined with a gas chromatograph equipped with a flame ionization detector and a 30 m capillary column (0.32 mm diameter, 0.25 µm film thickness), using nitrogen (2 mL/min) as carrier gas, T injector = 270 ºC, T column = 60 ºC (3 min) and 60-270 ºC (15 ºC/min); retention times (t R ) are given in min. Thin-layer chromatography was carried out on TLC aluminum sheets covered with silica gel. Column chromatography was performed using silica gel of 40-60 microns (hexane/EtOAc as eluent). Preparative thin-layer chromatography was carried on laboratory-made TLC glass plates with silica gel 60 PF 254 (hexane/EtOAc or EtOAc).
General procedure for the synthesis of the indolizines 4:
The indolizines 4 were prepared from pyridine-2-carbaldehyde derivatives, secondary amines and terminal alkynes according to our previously published procedure. 24 The aldehyde (1, 0.5 mmol), amine (2, 0.5 mmol) and alkyne (3, 0.5 mmol) were added to a reactor tube containing CuNPs/C (20 mg, ca. 0.5 mol%) and dichloromethane (1.0 mL). The reaction mixture was warmed to 70 ºC without the exclusion of air and monitored by TLC and/or GLC until total or steady conversion of the starting materials. The solvent was removed in vacuo; EtOAc (2 mL) was added to the resulting mixture followed by filtration through Celite and washing with additional EtOAc (4 mL). The reaction crude obtained after evaporation of the solvent was purified by column chromatography (silica gel, hexane/EtOAc) to give the corresponding indolizine 4. The physical and spectroscopic data of the new indolizine 4o follow: General procedure for the optimization of the catalytic hydrogenation: A suspension of the indolizine 4h (0.3 mmol) and catalyst (0.03 mmol) in glacial HOAc (3 mL) was hydrogenated at different pressures and reaction times, at room temperature, as indicated in Tables 1 and 2 . The catalyst was removed by filtration and the resulting mixture was diluted with EtOAc and analyzed by GLC, TLC and GC-MS.
General procedure for the hydrogenation of indolizines 4 catalyzed by PtO 2 :
The indolizine 4 (0.5 mmol) was poured into the hydrogenation flask, followed by the addition of PtO 2 (11.4 mg, 10 mol%) and glacial HOAc (3 mL), with this mixture being subjected to hydrogenation at 3.74 atm (55 psi) and ambient temperature. The reaction was monitored by TLC and/or GLC until total or steady conversion of the starting material (see Table 2 ). The catalyst was separated by filtration and the solvent was removed under vacuum. Purification of the reaction crude by column chromatography (silica gel, hexane/EtOAc) afforded the pure indolizidines 5 as single diastereoisomers. N,N-Dibutyl-1-phenyl-1,2,3,3a,4,5-hexahydropyrrolo[1,2-a] General procedure for the hydrogenolysis of indolizines 5 to monobenzylated indolizidines 6: The indolizine 5 (0.3 mmol) was poured into the hydrogenation flask, followed by the addition of Pt(5 wt%)/C (117 mg, 10 mol%) or PtO 2 (11.4 mg, 10 mol%) and glacial HOAc (3 mL), with this mixture being subjected to hydrogenation at ca. 1 atm (balloon) and ambient temperature. The reaction was monitored by TLC and/or GLC until total or steady conversion of the starting material (see Table 3 ).
The catalyst was separated by filtration and the glacial HOAc was neutralized with 2M NaOH, followed by extraction with EtOAc, drying of the organic phase with Na 2 SO 4 and solvent evaporation under vacuum. Purification of the reaction crude by preparative TLC (silica gel, hexane/EtOAc 6:4)
afforded the pure indolizidines 6 as single diastereoisomers. General procedure for the hydrogenolysis of indolizines 5 to debenzylated indolizidines 7: The indolizine 5 (0.3 mmol) was poured into the hydrogenation flask, followed by the addition of Pd(20 wt%)/C (16 mg, 10 mol%) and glacial HOAc (3 mL), with this mixture being subjected to hydrogenation at ca. 1 atm (balloon) and ambient temperature. The reaction was monitored by TLC and/or GLC until total or steady conversion of the starting material (see Table 3 ). The catalyst was separated by filtration and the glacial HOAc was neutralized with 2M NaOH, followed by extraction with EtOAc, drying of the organic phase with Na 2 SO 4 and solvent evaporation under vacuum.
Compounds 7j and 7m did not require any further purification; compounds 7h and 7l were purified by preparative TLC (EtOAc). In all cases, the pure indolizidines 7 were obtained as single C and 2D NMR spectra, and selected X-ray data. This material is free of charge via the Internet at http://pubs.acs.org.
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